Similarities exist between the progressive cerebellar ataxia in ataxia telangiectasia (AT) patients and a number of neurodegenerative diseases in both mouse and man involving specific mutations in ion channels and/or ion channel activity. These relationships led us to investigate the possibility of defective ion channel activity in AT cells. We examined changes in the membrane potential of AT fibroblasts in response to extracellular cation addition and found that the ability of AT fibroblasts to depolarize in response to increasing concentrations of extracellular K + is significantly reduced when compared with control fibroblasts. Electrophysiological measurements performed with a number of AT cell lines, as well as two matched sets of primary AT fibroblast cultures, reveal that outward rectifier K + currents are largely absent in AT fibroblasts in comparison with control cells. These K + current defects can be corrected in AT fibroblasts transfected with the full-length ATM cDNA. These data implicate, for the first time, a role for ATM in the regulation of K + channel activity and membrane potential.
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Received September 14, 1998; accepted October 15, 1998. Ataxia telangiectasia (AT) is an autosomal recessive disorder characterized by cerebellar degeneration, oculocutaneous telangiectases, thymic deficiencies, increased sensitivity to ionizing radiation, and predisposition to malignancies. The gene responsible for AT (designated ATM, for AT mutated) was identified by positional cloning and encodes a large protein (∼350 kD) with a carboxyl terminal domain sharing some homology with the catalytic domain of phosphatidylinositol 3-kinase (PI3-kinase; Savitsky et al. 1995a,b) . Cells derived from AT patients are hypersensitive to ionizing radiation and are defective in the G 1 , S, and G 2 cell cycle checkpoints (Painter and Young 1980; Beamish and Lavin 1994) . The ATM protein is involved in a signal transduction pathway responsible for p53 regulation and c-Abl activation in response to DNA damage (Kastan et al. 1992; Khanna and Lavin 1993; Baskaran et al. 1997; Shafman et al. 1997) . ATM is localized to the nucleus and is also present in microsomal fractions of cellular extracts (Chen and Lee 1996; Lakin et al. 1996; Watters et al. 1997; Brown et al. 1997) .
Most research to date has focused on the role of ATM in cell cycle checkpoints and cancer. However, the phenotype of progressive cerebellar degeneration in AT is, by far, the most debilitating aspect of this disease. A potential mechanism for this degeneration comes from the observation that many other cerebellar ataxias result from defective ion channel activity (Sanguinetti and Spector 1997; Griggs and Nutt 1995) . For example, human episodic ataxia (EA) is a rare autosomal dominant disorder characterized by intermittent attacks of ataxia and constant muscle rippling movements (myokymia) brought on by emotional stress or fatigue. This disorder is caused by mutations in a delayed rectifier K + channel, KCNA1 (Browne et al. 1994) . Mutations within this channel result in a decrease in the magnitude of K + current in neurons, ultimately leading to an inability to efficiently repolarize following an action potential (Adelman et al. 1995) . It is known that alterations in ion channel function and/or membrane potential can have dramatic consequences for neuronal function and survival. A previous report has shown that AT lymphocytes have a lower membrane potential than control lymphocytes (Ozer et al. 1989) . These relationships between defective ion channel activity in cerebellar ataxia, altered membrane potential in AT cells, and localization of AT in the cytosol led us to examine the possibility of a role for ATM in the regulation of ion channel activity and a potential mechanism for cerebellar degeneration in AT.
Results

Altered membrane potential properties in AT fibroblasts
To investigate potential ion channel defects in AT cells, primary AT fibroblasts and parental controls were stained with the membrane potential-sensitive fluorescent dye, bis-(1,3-dibutylbarbituric acid) trimethine oxonol [DiBAC 4 (3)], and analyzed for their ability to depolarize in response to increasing concentrations of extracellular K + (Fig. 1 ). DiBAC 4 (3) is a slow-responding fluorescent anion that enters depolarized cells and binds to lipid-rich intracellular components giving rise to an increased fluorescent signal (Brauner et al. 1984; Wilson and Chused 1985) . We monitored time-dependent changes in fluorescence using a fluorescence imaging ) and AT homozygous (GM03395 −/− ) fibroblasts were assayed for their ability to depolarize in a dose-dependent manner after exposure to increasing concentrations of extracellular K + (Fig. 1A ). Primary AT fibroblasts (GM03395 −/− ) gave rise to much smaller depolarizing responses than did heterozygous control cells (GM03397 +/− ) when challenged with the same range of extracellular K + concentrations (Fig.  1A) . In AT cells, fluorescence responses to 35 mM KCl were only 32 ± 7% when compared with primary cultures from AT heterozygous parental cells (Fig. 1B) . Experiments performed with an SV40-immortalized AT homozygous fibroblast cell line (GM9607 −/− ) and SV40-immortalized AT heterozygous control cells (GM637 +/− ) gave similar results ( These data demonstrate a fundamental difference in the voltage properties of homozygous AT fibroblasts compared with control cells and lead us to conclude that AT cells have significantly altered membrane potential properties.
K + channel defects in AT fibroblasts
The defect in the response of AT cells to increases in extracellular K + suggests that the electrical properties of cells are altered by the loss of ATM function. To examine whether changes in K + channel functions contribute to the defects in the depolarizing responses seen in the FLIPR, K + currents were recorded directly by use of whole-cell patch-clamp analysis. K + channel properties in two matched primary AT fibroblast cultures and three SV40-immortalized AT fibroblast cell lines were compared with AT heterozygous control fibroblasts and wild-type human foreskin fibroblasts (HFF; Fig. 2 and data not shown).
The data in Figure 2A show the total K + currents in primary fibroblast cultures from an AT heterozygous parent (GM03488 +/− ) and their AT homozygous offspring (GM03487 −/− ). Currents were elicited by 500 msec voltage steps ranging from −120 mV to +110 mV from a holding voltage of −90 mV. Under these conditions, a large outwardly rectifying K + current was recorded from heterozygous control fibroblasts (2.3 nA at +50 mV) and from wild-type control cells (data not shown; see Fig. 2D , middle). This current was significantly reduced in homozygous AT cells (0.6 nA at +50 mV; Fig. 2D, top) . Qualitatively similar data were obtained in a second matched set of primary fibroblast cultures (Fig. 2B,D, middle) comparing currents in cells from wild-type HFFs, an AT heterozygous parent (GM03397 +/− ), and AT homozygous offspring (GM03395 −/− ). Even larger decreases in the magnitude of outward rectifying K + currents were observed in SV40-immortalized cell lines. Figure 2C shows that the immortalized AT fibroblast cell line (GM5849 −/− ) passes almost no K + currents over the complete voltage range from −120mV to +110 mV (see also Fig. 2D, bottom) . The AT heterozygous immortalized cell line (GM637 +/− ) exhibits K + currents similar to those measured in the two heterozygous primary cell lines. The averaged current voltage relationships for all three pairs of cell cultures are shown in Figure 2D . There is some variability between individual pairs of primary cell cultures, as well as a difference between primary and immortalized cells; however, in all cases, AT cells exhibit significant K + current defects. Treatment of control cells (GM637 +/− ) with the K + channel blocker, tetraethylammonium chloride (TEA, 1 mM) reduced this current from 2.00 nA at +60 mV to 1.07 nA at +60 mV (Fig. 2E) . These results indicate that AT cell lines are defective in a TEA-sensitive delayed-rectifier K + current. These decreased current levels in homozygous cells are not secondary to a change in cell size, or in plasma membrane surface area. Measurements of the whole-cell membrane capacitance in these cells showed that cell surface areas may be slightly larger, rather than smaller, in homozygous cells (22.3 ± 3.2 pF, n = 22) compared to heterozygous cells (19.7 ± 2.5 pF, n = 21; P < 0.25). Preliminary experiments performed to investigate other types of K + channels expressed in normal and AT cells indicate the presence of Ca 2+ -activated K + (K Ca ) channels and inward-rectifier K + channels (data not shown). However, experiments show that there are differences in K Ca currents between normal and AT cells (T. D'Souza and P. Reinhart, unpubl.).
Ectopic expression of ATM restores potassium currents in AT fibroblasts
To confirm the relationship between the ATM protein and delayed rectifier K + channels, we compared channel properties in AT cells and in AT cells complemented with full-length recombinant ATM . Potassium currents were measured by use of whole-cell patch clamp analysis in AT fibroblasts transfected with either empty vector DNA (AT22IJE-T pEBS7), or ATM cDNA (AT22IJE-T pEBS7-YZ5). The data in Figure 3 show that the ATM-complemented cell line exhibits much larger K + currents than do AT cells. The magnitude of K + currents in these complemented cells is similar to magnitudes measured in wild-type cells. These data are consistent with our previous findings showing that these ATM-complemented cells also exhibit normal sensitivity to ionizing radiation and a normal pattern of post-irradiation DNA synthesis .
Discussion
Hence, these data for the first time show a functional relationship between the presence of the ATM protein, and the magnitude of K + currents in the plasma membrane of AT cells. Our findings, that there are large decreases in the magnitude of delayed rectifier K + currents and subsequent defects in the membrane potential properties of AT cells, are consistent with previous work showing that the membrane potential of AT lymphoblasts is more depolarized than that in control cells (Ozer et al. 1989) . These data are also consistent with a previous report showing that fibroblasts express delayed rectifier K + channels, as well as calcium-activated K + channels and inward rectifier K + channels (Estacion 1991) . Fibroblasts are a useful and accessible cell model to study cellular phenotypes associated with human inherited diseases, and defects observed in these cells are often recapitulated in other cell types such as neurons (e.g., see Cox et al. 1997) . It is likely that the phenotype associated with AT fibroblasts will also be evident with other cell types, and that likely candidates include excitable cells, particularly neurons.
An alteration in the membrane potential of AT cells may alter not only the electrical properties of these cells, but also lead to secondary changes in the concentration of intracellular Ca 2+ and downstream signaling cascades. The link between the membrane potential and intracellular Ca 2+ is mediated by voltage-activated Ca 2+ channels allowing the entry of extracellular Ca 2+ into cells depending on the magnitude of the membrane potential. In this way a defect in one or more K + channels may lead to a depolarization-induced increase in intracellular Ca 2+ (Robitaille et al. 1993; Wisgirda and Dryer 1994; Prakriya et al. 1996) . In particularly susceptible neurons, such as cerebellar Purkinje neurons, Ca 2+ elevations can lead to neuronal dysfunction and even cell death (Bindokas and Miller 1995; Brorson et al. 1995) . Because Purkinje neurons play an important role in many motor functions, defects in the electrical properties of these cells can lead to motor dysfunction including numerous forms of ataxias (Airaksinen et al. 1997; Gomez et al. 1997; Zuo et al. 1997) . A progressive cerebellar ataxia in mice, termed weaver, is due to a mutation in the pore of a G-protein gated, inward-rectifying K + channel, GIRK2 (Patil et al. 1995) . These mice have a developmental defect where post-mitotic granule cells fail to migrate out of the external granule cell layer and eventually undergo apoptosis (Rakic and Sidman 1973; Smeyne and Goldwitz 1989; Wood et al. 1993) . Fewer Purkinje cells are present in the weaver cerebellum and their dendrites appear to be shrunken and positioned abnormally, similar to defects described in AT patients (Strich 1966; De Leon et al. 1976; Paula-Barbosa et al. 1983) . Hence, there is a striking similarity between these previously described ataxias and neuronal defects such as the cerebellar Purkinje cell degeneration and ataxias observed in AT patients. In all cases, the underlying cause of these ataxias is a defect in one or more types of K + channels (Griggs and Nutt 1995; Sanguinetti and Spector 1997) .
These data provide the first mechanistic link between defects in the ATM protein and alterations in the electrical properties of AT cells. Furthermore, these results identify one or more classes of K + channels as downstream targets of the ATM protein and show that inactivation of ATM down-regulates K + currents in the membranes of AT cells. Whether or not the ATM protein modulates K + currents directly or indirectly requires further investigation. Potential mechanisms range from the direct phosphorylation of the channel by the serine/ threonine kinase activity of the ATM protein to indirect post-translational modifications, such as tyrosine phosphorylation, or by altering the transcriptional regulation of K + channels. Certainly many voltage-dependent K + channels are known substrates for serine/threonine and tyrosine kinases (Levitan 1994; Fadool et al. 1997 ) and ATM has serine/threonine kinase activity (Baskaran et al. 1997; Banin et al. 1998; Canman et al. 1998) . Other potential mechanisms for ATM-K + channel interactions may involve adaptins. These proteins are known to play a role in vesicle transport in cells (Pearse and Robinson 1990; Robinson 1994) . Adaptins, such as the neuron-specific ␤-NAP (Newman et al. 1995) , bind directly to ATM through the conserved amino-terminal portion of the adaptins . Because the expression of functional K + channels in the plasma membrane of cells requires their tetramerization and assembly in the endoplasmic reticulum (Nagaya and Papazian 1997) , it is possible that the absence of the ATM-adaptin complex contributes to the K + channel defects observed here. A more mechanistic understanding of how the defective ATM gene can modulate the electrical activity of cells awaits further investigation. Our data have demonstrated the first functional link between the ATM protein and K + channel activity in AT. These experiments reveal that K + channels represent novel targets accessible to extracellular therapeutic agents for the treatment of cerebellar degeneration and ataxias in AT, and provide new mechanistic insights into the pathogenesis of this debilitating disease.
Materials and methods
Cells and culture conditions
Primary parental (GM03397 +/− , GM03488 +/− ), primary AT , and GM5849 −/− ) and HFFs were grown in DMEM containing 15% fetal bovine serum (FBS) (Hyclone Laboratories Inc.). GM03397 +/− and GM03487
−/− cells were grown in MEM with Earl's salts containing 20% FBS, 4 mM L-glutamine, and 2× essential and nonessential amino acids for MEM. GM03488 +/− and GM03395 −/− cells were grown in Ham's/F12 medium containing 20% FBS, and 4 mM L-glutamine. Immortalized AT fibroblasts (AT22IJE-T pEBS7 and AT22IJE-T pEBS7-YZ5) were grown in DMEM containing 15% FBS and 100 µg/ml hygromycin B.
FLIPR analysis
For FLIPR analysis, 1-1.5 × 10 4 cells per well were plated in poly-L-lysine (0.001%) treated, black-walled 96-well plates (Polyfiltronics Inc.) and incubated at 37°C in a humidified chamber with 5% CO 2 . Later 24-48 hr, the cells were rinsed once with 1× external solution [20 mM HEPES/NaOH (pH 7.4, 130 mM NaCl, 10 mM glucose, 2 mM CaCl 2 , 1 mM MgCl 2 , 5 mM KCl) containing 5 µM DiBAC 4 (3) (Molecular Probes, Inc.; made from a 50 mM stock solution in DMSO) at 37°C. After rinsing, the cells were incubated at 37°C (without CO 2 ) for 0.5-1.5 hr in 180 µl of 1× external solution containing 5 µM DiBAC 4 (3). The addition solution was prepared by mixing concentrated solutions of KCl, NaCl, or CaCl 2 to give 10× the final desired concentration of ions in 1X external solution containing 5 µM Di-BAC 4 (3). All plates, pipettes, and pipette tips were presoaked briefly with 1× external solution containing 5 µM DiBAC 4 (3) to compensate for dye removal. After placing the assay plate in the FLIPR, a baseline check was performed to ensure that the cells had equilibrated or achieved stable baseline fluorescence. At a specified time, 20 µl of addition solution was dispensed, mixed, and the same volume was re-aspirated from the assay plate to ensure that the volumes remained constant. The fluorescent signal was monitored until the total number of specified measurements had been completed and the raw data were then exported and analyzed.
Electrophysiology
Cells growing on poly-L-lysine treated coverslip fragments were used for all electrophysiological measurements. Whole-cell recordings were performed at room temperature (22°C-24°C) with an Axopatch 200 A patch-clamp amplifier (Axon Instruments, Foster City, CA). Patch electrodes were fire polished to resistances of 1.8-2.4 M⍀. Currents were low-pass filtered at 2-5 kHz with an eight-pole Bessel filter. Voltage commands, data acquisition, data storage, and data analysis were performed by use of pCLAMP version 6.03 (Axon Instruments). The extracellular recording solution consisted of 125 mM NaCl, 2.5 mM KCl, 1.3 mM MgSO 4 , 1 mM NaH 2 PO 4 и H 2 O, 26.2 mM NaHCO 3 , and 2.5 mM CaCl 2 и H 2 O (adjusted to pH 7.3 with KOH). The intracellular recording solution consisted of 130 mM K gluconate, 2 mM NaCl, 20 mM HEPES (adjusted to pH 7.4 with KOH), 4 mM MgCl 2 и 6H 2 O, 4 mM Na 2 ATP, and 0.4 mM NaGTP. For calcium-free internal saline, EGTA (2 mM) was added prior to the experiments. Desired calcium concentrations were obtained by adding appropriate volumes of a 100 mM EGTA stock solution and 100 mM CaCl 2 aided by a calcium electrode (Orion, model 93-20, Boston, MA).
